Introduction {#s1}
============

For decades, the hallmark of cancer treatment has been cytotoxic treatments such as radiotherapy and chemotherapy. Combination therapy, a treatment modality that combines two or more therapeutic agents or medical devices, is the new cornerstone of cancer therapy. The association of several anti-cancer drugs enhances efficacy compared to mono-therapy protocols as it targets key complementary pathways reducing the occurrence of drug resistance, while simultaneously providing therapeutic anti-cancer benefits. The "Achilles heel" of many new promising combination treatments is the emergence of multidrug resistance and high toxicities that were not anticipated from single treatment protocols. Carboplatin is a platinum-containing chemotherapy drug used to treat many cancers including ovarian and lung cancers. Though largely prescribed, its high toxicity may induce cessation of treatment or arbitrary dose reductions, which may potentially compromise patient outcome ([@B1]). Carboplatin acts by forming toxic drug--DNA adducts, and its toxicity has been correlated to the level of these adducts present in healthy tissues that limit the dose tolerated ([@B2]). For many malignancies, patients initially respond to platinum but then develop acquired resistance. The cellular response, which confers resistance to carboplatin, is multifactorial and poorly understood ([@B3], [@B4]). It has been observed that the intracellular mechanisms by which cells become resistant to carboplatin include increased drug detoxification by the thiol groups in metallothionein and glutathione, improved tolerance to nuclear damage, and DNA repair, leading to a concomitant reduced accumulation of intracellular carboplatin and reduction in apoptosis. DNA repair systems and anti-apoptotic factors have been identified as potential mechanisms underlying platinum-based treatment resistance. Thus, impairing mechanisms of DNA repair with repair inhibitors could provide a way to overcome resistance ([@B4]).

A dramatic shift toward therapies targeting DNA repair has occurred in the last decade with the discovery of PARP inhibitors. The most advanced in this field, olaparib (AZD2281 or KU-0059436), a specific inhibitor of Poly (ADP-Ribose)-polymerase 1 and 2 (PARP), has been successfully used in the context of synthetic lethality in the treatment of tumors with *BRCA* mutations, as monotherapy as well as in combination with other chemotherapy agents ([@B5]). Significantly, increased risk of hematologic toxicities was observed for patients treated with PARPis combined with single-agent chemotherapy ([@B5]). The efficacy of PARPi on platinum-resistant tumors ([@B6]--[@B8]) gave hope that combination of PARPi with platinum-based treatments would both improve tumor control and prevent emergence of resistance. However, clinical experience with therapies combining PARPi with chemotherapies has been, in general, mixed. For example, combining olaparib with carboplatin and paclitaxel chemotherapies in the clinic has been challenging due to myelosuppression, and reductions in the full single-agent doses of all drugs had to be undertaken to decrease the toxicity ([@B9], [@B10]). Therefore, there is a need to develop novel therapeutic strategies targeting DNA repair with lower toxicity and to test how combinations of DNA repair inhibitors and carboplatin can help to fight carboplatin resistance.

We have developed a novel DNA repair inhibitor AsiDNA, which has already undergone two Phase I clinical trials \[DRIIM ([@B11]); DRIIV-1, NCT03579628 in progress\], with no evident toxicity in patients. These molecules act differently to usual inhibitors used in medicine such as PARPi. Instead of blocking catalytic activity of their targets, AsiDNA promote their activation ([Figure 1](#F1){ref-type="fig"}). AsiDNA are short modified DNA molecules that bind DNA-dependent protein kinase (DNA-PK) ([@B15], [@B16]) and PARP ([@B17]) and activate, respectively, their kinase and polymerase activity leading to modification of numerous proteins in the cell. DNA-PK and PARP activation by AsiDNA triggers a false signal of DNA damage in the absence of DNA injury and prevents further recruitment of DNA repair enzymes on damaged chromosomes ([Figure 1](#F1){ref-type="fig"}). Consequently, the DNA repair enzymes are diverted from their primary objective, the double-strand breaks on chromosomes, which results in inhibition of their repair and ultimately cell death. Clinical and preclinical studies have demonstrated that this strategy sensitizes tumors to DNA damaging treatments such as radiotherapy ([@B11], [@B18]). In this work, we compare the ability of AsiDNA or olaparib to potentiate carboplatin treatment in a breast cancer model resistant to platinum.

![Comparison of main features of AsiDNA and Olaparib activity on DNA repair. I: Activity of the inhibitors AsiDNA (left) and olaparib (right). AsiDNA is a short modified DNA mimicking double-strand break. It binds DNA-PK and PARP enzymes and activates their kinase and polymerase activity leading to modification of a large number of cellular proteins including pan nuclear γ-H2AX protein and poly-ADP-Ribose (PAR) **(A)**. These modifications occur in absence of DNA damage as revealed by 53BP1 foci and comet assay **(C)** ([@B12]). In contrast, olaparib inhibits PARP polymerase activity and induces increase of DNA damage ([@B13]) **(B,C)** probably through inhibition of base excision repair (BER) and increase of replicative stress. II: Drug effect on damage signaling and recruitment of DSB repair proteins after damage. Damages were induced either by γ irradiation or laser (^\*^). Three DSB repair pathways were monitored: homologous recombination (HR), non-homologous end joining (NHEJ), and micro homology end joining (MHEJ, also called alt-NHEJ). Whereas, olaparib inhibits the formation of foci of XRCC1 and PARP1 ([@B14]), it has no effect on formation of radio-induced foci of γ-H2AX, 53BP1, RAD51, and BRCA2 **(D,E)**. In contrast, AsiDNA inhibit recruitment of 53BP1, XRCC4, RAD51, and BRCA2 ([@B15]) **(F)** and do not prevent recruitment of PARP and XRCCI **(G)**.](fonc-09-01097-g0001){#F1}

Due to the increasing concerns with toxicity of combined treatments, modern clinical trial designs will need to incorporate translational studies, which may be used to guide patient selection, drug scheduling, and treatment response. We used immunocompetent animal models to investigate the efficacy and the toxicity of the combination of AsiDNA or olaparib with carboplatin.

Materials and Methods {#s2}
=====================

Ethics Statement
----------------

All animal experimentation was approved by the local authorities and was carried out in strict accordance with the European Union guidelines for animal care. Only animals with unobjectionable health were selected to enter testing procedures. Animals were routinely monitored including mortality checks, assessment of animal welfare and tumor growth by observation, control of feed, and water supply.

Experimental Animals
--------------------

MDA-MB-231 cell-derived-xenografts (CDXs) were obtained by injecting 5 × 10^6^ cells into the mammary fat pad of 6 to 8-week-old adult female nude NMRI-nu Rj:NMRI-Foxn1^nu^/Foxn1^nu^ mice (*Janvier*). The animals were housed at least 1 week before tumor engraftment, under controlled conditions of light and dark (12--12 h), relative humidity (55%), and temperature (21°C). When engrafted tumors reached 80--250 mm^3^, mice were individually randomized into groups of 8--10 to different treatment groups. Two sets of experiments including four groups of treatment were performed to analyze combinations of carboplatin with AsiDNA or carboplatin with olaparib. Tumor growth was evaluated three times a week using a caliper and calculated using the following formula: (length × width × width)/2. Mice were followed for up to 3 months, and ethically sacrificed when the tumor volume reached 1,500 mm^3^.

Toxicity studies were performed in 6--7-week-old C57BL/6 mice (Janvier, France). Non-tumor-bearing mice were used to allow long-term studies and monitor potential reversion of adverse effects. Animal weights were noted prior to treatment and were routinely monitored for signs of weight loss (daily during treatment and three times a week for the remainder), signs of discomfort, diarrhea (including examination of sawdust), abnormal/rapid breathing, generalized clinical signs of blood loss including pallor of skin, necrosis of the tail and toe nails, and any other signs of abnormal behavior. Groups of three animals per treatment were sacrificed at days 7, 10, and 21 after end of the last treatment to analyze bone marrow and organ toxicity.

Drug Administration
-------------------

Treatments were administered for three cycles comprising 1 week of treatment followed by 2 weeks of rest ([Figure 1A](#F1){ref-type="fig"}). AsiDNA (Agilent, USA) was administered for 4 consecutive days through intraperitoneal (IP) injection, at daily doses of 5 mg ([Figure 1](#F1){ref-type="fig"}). Olaparib (AZD-2281, Roowin chemicals, France) was administered at daily doses of 200 mg/kg through oral gavage (PO) for 5 consecutive days. Carboplatin was administered as a single IP injection of 80 mg/kg for toxicity studies or 50 mg/kg for efficacy studies alone or 4 h after AsiDNA or olaparib treatment on day 1 for each cycle. The first day of the first treatment cycle was designated day 0.

Toxicity Study
--------------

### Complete Blood Count (CBC) Analysis

Blood samples (\>80 μl) were harvested through submandibular bleeding without anesthesia in EDTA tubes, since isoflurane is known to interfere with CBC data. The samples were collected prior to treatment, day 7 post-2nd cycle, and days 7 and 21 post-3rd cycle of treatment. CBC analysis was performed using a 3-part-diff automated hematology cell counter-MS9-3s according to manufacturer guidelines (Melet Schloesing Laboratories). In this analysis, the total white blood cell count (leukocytes), and three main cell types within this population (lymphocytes, monocytes, and granulocytes), the total red blood cell count (erythrocytes), the mean corpuscular volume (MCV), hematocrit, hemoglobin, and thrombocyte (platelet) levels were acquired.

### Nucleated vs. Non-nucleated Cells

To assess the ratio between nucleated and non-nucleated cells in the peripheral blood, non-nucleated cells were lysed using an acetic acid (3%) solution with methylene blue (Stem Cell Technologies, France), and the nucleated cells were manually counted.

### Bone Marrow Harvesting

Murine bone marrow cells were harvested 7 and 21 days post-3rd cycle of treatment. The femurs were isolated from mice post-sacrifice and cleaned of any remaining muscle. The femurs were ground in 2 ml of ice-cold PBS using a mortar and pestle. Once the bone marrow was visible in PBS, the supernatant was transferred to a 50-ml falcon tube through a 40-μm cell strainer. The strainer was rinsed with an additional 1 ml of PBS. The typical yield of bone marrow cells from both femurs per non-treated C57BL/6 mouse was approximately between 100 and 150 million.

### Peripheral Blood and Bone Marrow Smears

For peripheral blood smears, 4 μl of fresh blood was placed on the frosted edge of a glass slide and smeared across using another glass slide. For bone marrow smears, \~10 × 10^6^ bone marrow cells obtained from the femur were centrifuged at 1,500 rpm for 10 min at room temperature. The cell pellet was resuspended in 30 μl of RPMI-50% FBS. Fifteen microliters of this cell suspension was placed on a slide and smeared across using a second glass slide.

### Sternal Imprints

The sternum was harvested and cut lengthwise using a scalpel blade. Imprints were performed directly by pressing the cut side of the sternum firmly on to a glass slide.

### Wright--Giemsa Staining of Bone and Peripheral Blood Smears and Sternal Imprints

Wright--Giemsa (Electron Microscopy Sciences, USA) labeling was performed on peripheral blood smears, bone marrow smears, and sternal imprints according to the manufacturer\'s instructions. The Wright--Giemsa-stained sections were subjected to a blinded analysis by an experienced anatomical pathologist for all the treatment groups.

### Histology of Tibia and Other Organs

Both ends of the tibias were clipped in order to permit the entry of the fixative. The tibias were fixed in 4% PFA, decalcified, and paraffin embedded. In addition, other organs such as the lung, liver, kidney, and the brain were also harvested and fixed in 4% PFA and paraffin embedded. All organs were sectioned and stained with H&E for further histological analyses by an experienced pathologist.

### Harvest of Splenocytes and Thymocytes

The spleen and thymus were harvested post-sacrifice. The tissues were ground through a 40-μm cell strainer (BD falcon) using a plunger from a syringe with 2 ml of ice-cold PBS, until only stromal tissue remains.

### Flow Cytometric Assessment of Bone Marrow, Spleen, and Thymus

Erythroid, lymphocyte, and myelocyte lineages of the bone marrow were assessed using flow cytometry. The erythroid lineage was assessed using TER119 and CD71, the lymphocyte lineage was assessed using B220 and Thy1.2, and the myelocyte lineage was assessed using Gr-1 and Mac1 antibodies. Splenocytes were stained using B220 and Thy1.2 antibodies while thymocytes were stained using Thy1.2. Antibodies are listed in [Table S1](#SM1){ref-type="supplementary-material"}.

Cell Lines and Resistance Selection
-----------------------------------

The MDA-MB-231 cell line was purchased from the ATCC. The triple-negative breast cancer BC227 cell line was derived from a patient sample in the Laboratory of Preclinic Investigation of the Institut Curie. Cell lines were verified by short tandem repeat profiling (Geneprint 10, Promega) at 10 different loci (TH01, D21S11, D5S818, D13S317, D7S820, D16S539, CSF1PO, AMEL, vWA, and TPOX) and tested negative for *Mycoplasma* contamination with the VenorGeM Avance Kit (Biovalley). For repeated cycles of treatment, cells were treated as described previously ([@B12]). Briefly, cells were seeded in six-well-culture plates with 2 × 10^4^ cells per well and incubated 24 h at 37°C before addition of the drugs (2.5 μM AsiDNA, 7 μM carboplatin). Cells were harvested on day 6 after treatment, washed, and counted after staining with 0.4% trypan blue (Sigma Aldrich, St. Louis, USA). Cells were seeded in six-well-culture plates, and allowed to recover for 6 more days. Another cycle of treatment/recovery was then started for up to five cycles. In a control of non-treated growth, similar cycles of dilutions were performed in medium without addition of AsiDNA. Survival was calculated at the end of the treatment week of each cycle by the ratio of living cells in the culture with drug treatment on the number of living cells in the culture without the drug. Resistant clones (called RC1-6) were selected out of independent populations that received five cycle treatments with carboplatin.

Statistical Analysis
--------------------

Statistical analyses were performed with StatEL software (ad Science). Mann--Whitney test was performed to analyze variations between groups in the toxicity studies. Survival curves were plotted according to the Kaplan--Meier method, and survival fractions of mock-treated and treated groups were compared using log-rank test analyses. *P*-value of less than or equal to 0.05 was considered to be a significant difference.

Results {#s3}
=======

Efficacy of Combination Treatments
----------------------------------

We analyzed the efficacy of olaparib and AsiDNA alone or in combination with carboplatin treatment in *nude* mice xenografted with the MDA-MB-231 triple-negative breast cancer model. These cells are homologous recombination proficient and were found to be moderately sensitive to olaparib and AsiDNA, *in vitro* \[Table 1 in ([@B12])\]. The dose of 50 mg/kg carboplatin was chosen as no apparent toxicity or weight loss was observed at this dose in animals ([Figure S1](#SM1){ref-type="supplementary-material"}). Carboplatin was administered every 3 weeks to recapitulate a fractionated treatment commonly used in the clinic. Olaparib and AsiDNA were administered daily during the weeks of carboplatin treatment. Three cycles of treatment with single agent administration or in combination with carboplatin were performed. There was no observed toxicity at these doses in any treatment group.

In agreement with published data ([@B19]), we found that MDA-MB-231 tumors are highly resistant to platinum treatment ([Figure 2](#F2){ref-type="fig"}). In the two independent experiments, carboplatin treatment had no significant effect (*P* \> 4 × 10^−2^) with a median increase in survival of 11--16 days. Olaparib and AsiDNA monotherapies increased median survival by 43 and 51 days, respectively ([Figure 2](#F2){ref-type="fig"}). However, the heterogeneity in animal responses limited the significance of the difference (*P* = 5.2 × 10^−2^ for olaparib and 5.2 × 10^−2^ for AsiDNA; [Table S2](#SM1){ref-type="supplementary-material"}). To further examine response after repair inhibitor treatments, we analyzed the tumor growth profile in groups separated into responder (survival \> 100 days; *n* = 5) and non-responder (survival \<100 days; *n* = 5; [Figure S1](#SM1){ref-type="supplementary-material"}). Interestingly, with both inhibitors, a significant decrease in tumor volume was observed after 28 days, corresponding to the end of the second cycle of treatment. Combination treatments associating DNA repair inhibitors (olaparib or AsiDNA) with carboplatin showed the most significant efficacy (*P* = 0.0003) ([Figure 2](#F2){ref-type="fig"}; [Table S2](#SM1){ref-type="supplementary-material"}).

![Efficacy of combination treatments. **(A)** Scheme of different treatments, triangles indicate days of treatment; **(B,C)** Kaplan--Meier representation of two independent experiments. Survival was calculated as the fraction of living animals with tumor size \<1,500 mm^3^; **(B)** mock treated (*n* = 6, black), treated with carboplatin (*n* = 8, small dotted black), AsiDNA (*n* = 8, gray), or combination of AsiDNA and carboplatin (*n* = 10, large dotted black); **(C)** mock treated (*n* = 6, black), treated with carboplatin (*n* = 6, small dotted black), olaparib (*n* = 9, gray), or combination of olaparib and carboplatin (*n* = 10, large dotted black).](fonc-09-01097-g0002){#F2}

Toxicity of Combined Treatments in Blood Cells
----------------------------------------------

The treatment protocols were performed in immunocompetent C57BL/6 mice to improve detection of carboplatin toxicity as the carboplatin-containing regimens induced significant thrombocytopenia (reduction of platelets) and leukopenia in patients. Blood samples were taken pre-treatment, 7 days after the first cycle, and 10 and 21 days after the end of the three-cycle treatment. Monotherapies with olaparib or AsiDNA were well-tolerated ([Figure S2](#SM1){ref-type="supplementary-material"}) and did not show any toxicity in blood cells or bone marrow. As already reported in patients treated with carboplatin, we observed a significant deficit in blood and bone marrow cells (erythroid and lymphocyte lineage) that was reversed on day 21 before the second cycle ([Figure S3](#SM1){ref-type="supplementary-material"}). A significant decrease in the platelet count was observed (*P* \< 0.01) 7 days post-carboplatin treatment ([Figure 3](#F3){ref-type="fig"}). This decrease was observed after the first injection and did not increase significantly with additional cycles. It showed only partial reversion 21 days after end of treatment. Association of AsiDNA or olaparib with carboplatin did not increase the deficit in blood cells ([Figure S3](#SM1){ref-type="supplementary-material"}). Interestingly, the combination of carboplatin with the DNA repair inhibitors stimulated the complete reversal of the drop in platelets at later times ([Figure 3](#F3){ref-type="fig"}).

![Blood toxicity. Different combinations of carboplatin 80 mg/kg, with AsiDNA 8 or 15 mg or olaparib 200 mg/kg were used to treat mice. Counts of platelets before treatment (hatched), 7 days after beginning of first cycle (dark gray), 7 days after second cycle (dark gray), and 7 or 21 days after third cycle (light gray and dashed, respectively).](fonc-09-01097-g0003){#F3}

A single administration of carboplatin induced acute thymic atrophy, with reversal at day 21, and was reproduced with no significant changes at each cycle ([Figure S4](#SM1){ref-type="supplementary-material"}). Flow cytometry confirmed a significant reduction of the number of T lymphocytes and erythroid or lymphocyte lineage in bone marrow after each cycle of treatment. This effect was not enhanced by AsiDNA and appeared to be partially prevented by olaparib. No significant differences were noted in the bone marrow cells between treatment groups receiving carboplatin with or without AsiDNA or olaparib ([Figure S4](#SM1){ref-type="supplementary-material"}). In order to further examine the bone marrow cellular morphology, density, and the presence of all cell lineages, histology samples were subjected to a blinded analysis by an experienced anatomical pathologist for all the treatment groups. The samples from animals treated with carboplatin revealed a moderate to high toxicity, which was not significantly enhanced by AsiDNA or olaparib ([Figure 4](#F4){ref-type="fig"}).

![Bone marrow myelogram. Wright--Giemsa staining of **(A)** sternal imprints and **(B)** bone marrow smears and **(C)** H&E staining of paraffin-embedded tibia. **(D)** Mean values of bone marrow myelogram (six animals) treated with various treatments (indicated in abscissa) and sacrificed at day 7 or day 21 after the third cycle. Samples were scored from 0 to 10 according to the following scale: poor (0--3), moderate (4--7), or good (8--10) indicating high, moderate, or no toxicity in erythroid (dark violet), myeloid (medium violet), and megakaryocyte score (dashed violet), and density (light violet).](fonc-09-01097-g0004){#F4}

Distribution of AsiDNA in Bone Marrow and Organs
------------------------------------------------

As the lack of increase in bone marrow toxicity could be due to the poor addressing of AsiDNA to this location, we checked the uptake of fluorescent cy5-AsiDNA by flow cytometry of femur bone marrow. The uptake was dose dependent and more than 60% of the cells were fluorescent 4 h post-administration of AsiDNA-cy5 ([Figures 5C,D](#F5){ref-type="fig"}). Moreover, the analysis of the other organs showed that AsiDNA molecules administered by IP injection efficiently reached the spleen, the liver, and grafted tumors located in the fat pad ([Figures 5A,B](#F5){ref-type="fig"}). As observed for most drugs, the highest uptake of AsiDNA was in the liver.

![Distribution of AsiDNA. Animals were injected with cy5-AsiDNA (0, 2, 5, 10, 15 mg) and sacrificed 6 h later, and fluorescence was monitored in organs: tumor, liver, and spleen: **(A)** characteristic pictures and **(B)** mean fluorescence quantification for six animals. **(C,D)** Bone marrow was sampled and analyzed by flow cytometry: **(C)** representative distribution of bone marrow cells of a mouse from each treatment group and **(D)** mean percentage of fluorescent bone marrow.](fonc-09-01097-g0005){#F5}

Liver Toxicity of the Combination of Olaparib With Carboplatin
--------------------------------------------------------------

No organ toxicity was revealed after macroscopic analysis of mice treated with monotherapies or the combination of carboplatin with AsiDNA. Though liver uptake is high, AsiDNA did not enhance carboplatin toxicity in this organ. However, all mice treated with olaparib in association with carboplatin presented with hepatomegaly (enlargement of the liver; [Figure 6](#F6){ref-type="fig"}). This was already evident in 1/3 mice 7 days post-treatment, and all animals presented with an abnormal liver 21 days post-treatment. Microscopic analysis confirmed that the livers of all the animals treated with a combination of olaparib and carboplatin presented with hepatocyte edema, pre-necrotic hepatocytes, bi-nuclear hepatocytes, and infiltrating lymphocytes ([Figure 6A](#F6){ref-type="fig"}). Bi-nuclear hepatocytes are suggestive of a highly regenerative liver, whereas infiltrating lymphocytes indicate inflammation. Symptoms such as edema, pre-necrotic hepatocytes, and infiltrating lymphocytes were not observed in other treatment groups. The onset of this side effect worsened between 7 and 21 days following end of treatment and it is difficult to predict whether this could be reversed at a later time.

![Hepatomegaly in mice treated with a combination of olaparib and carboplatin. **(A)** Example of histology samples of liver of mice exposed to various treatments, **(B)** macroscopic view of treated livers.](fonc-09-01097-g0006){#F6}

Inhibition of Acquired Resistance to Carboplatin by AsiDNA
----------------------------------------------------------

The combination of AsiDNA and carboplatin being well-tolerated, we tested how the combined treatment could prevent emergence of carboplatin resistance during treatment. To monitor resistance occurrence, we used the BC227 triple-negative cell line, which is highly sensitive to carboplatin. We performed cyclic treatment protocols that have been shown to facilitate resistance emergence to PARPi but not to AsiDNA ([@B12]). Five to six independent populations were treated for five cycles comprising 1 week with carboplatin combined or not with AsiDNA followed by 1 week of recovery (without drug) per cycle. Survival of the BC227-independent populations treated with carboplatin increased progressively with cycles of treatment up to complete resistance at the 5th cycle for all the independent cultures ([Figure 7B](#F7){ref-type="fig"}). In contrast, most populations receiving AsiDNA concomitantly with carboplatin showed increase to 40% survival at the 3rd cycle that did not change with the following cycles of treatment. Only one population among the six treated with the combined molecules was 100% resistant at the 5th cycle whereas the four others showed similar survival at the 3rd cycle ([Figure 7B](#F7){ref-type="fig"}). These data suggest that AsiDNA could inhibit or delay the emergence of carboplatin resistance in BC227. We purified clones from the carboplatin-resistant populations and analyzed their sensitivity to AsiDNA and to carboplatin. As expected, all the clones were more resistant to carboplatin than the parental cell line. Surprisingly, all of them showed a higher sensitivity to AsiDNA, indicating that the major pathway to promote resistance to carboplatin is involved in sensitivity to AsiDNA ([Figures 7C,D](#F7){ref-type="fig"}).

![Effect of AsiDNA on the emergence of resistance to carboplatin. Cells were treated for 1 week and grown without treatment for an additional week for one to five cycles. **(A)** Schedule of treatment. Gray square: weeks of treatment with 7 μM carboplatin ± 2.5 μM AsiDNA; white square: weeks without treatment. **(B)** Survival to each cycle of treatment was monitored in 10 independent BC227 populations treated with either carboplatin (green triangles) or carboplatin + AsiDNA (red circles). **(C,D)** Survival of carboplatin-resistant populations (RC) vs. parental cells after 1 week treatment with **(C)** carboplatin or **(D)** AsiDNA. Survival was estimated by the ratio of treated cells on non-treated cells after 1-week treatment. ^\*\*^*P* \< 0.01.](fonc-09-01097-g0007){#F7}

Discussion {#s4}
==========

Preclinical studies with animal models allow the preparation of clinical protocols and, to some extent, the anticipation of adverse effects of new treatments. In this study, we tested the hypothesis of using DNA repair inhibitors olaparib or AsiDNA to treat carboplatin-resistant tumors. The carboplatin protocols reproduced the usual schedule used in patients of one injection every 3 weeks. The DNA repair inhibitors olaparib and AsiDNA were given daily (open days) during carboplatin treatment. Olaparib association with platinum has been tested in several clinical trials and revealed a moderate efficacy associated with an increased toxicity. Though olaparib is usually administered continuously, it has been shown that intermittent dosing of olaparib ameliorated some of the toxicity, allowing its successful administration with paclitaxel and carboplatin in previously untreated recurrent ovarian cancer patients ([@B20]). We used this combination as a control in our study to evaluate the efficacy and the toxicity of the association of AsiDNA with carboplatin in a triple-negative breast cancer mouse model, resistant to carboplatin. AsiDNA and olaparib both act by inhibiting DNA repair albeit through very different mechanisms. Olaparib binds to PARP ([@B21]) and prevents base excision repair ([@B22]) and alternative non-homologous end joining pathways ([@B23]). AsiDNA binds PARP and DNA-PK and stimulates their activities asynchronously to the detection of the damage to be repaired ([@B15]). The signal generated by AsiDNA prevents recruitment of repair enzymes involved in homologous recombination and non-homologous recombination ([Figure 1](#F1){ref-type="fig"}). Both molecules sensitize tumor cells to radiation ([@B18], [@B24]).

The MDA-MB-231 tumor cells are moderately sensitive to olaparib and AsiDNA ([@B25]). These tumor cells are proficient for homologous recombination ([@B26]) and therefore can repair the replication block due to the inhibition of single-strand break repair by olaparib ([@B27]). AsiDNA, having a broader mechanism of action that leads to the inhibition of non-homologous end joining and homologous recombination, seems to have a higher antitumor effect than olaparib. The activity of both repair inhibitors takes time to be effective as responding tumors appear to maintain the same rate of growth for the first 3 weeks. After the second cycle, half the treated tumors stopped growing or regressed (responder tumors). No correlation was identified between the size or the initial growth and the sensitivity to AsiDNA or olaparib treatment. It is possible that the tumor vasculature would differ between the responding and non-responding tumors, allowing in the first case a better distribution of the drugs. Alternatively, the hypoxic and necrotic content of the tumors could influence their fate during treatment. Further experiments would be required to address this question.

The use of animal models to anticipate adverse effects induced by anticancer treatment has been controversial. In this study, we succeed to recapitulate observations reported in patients following carboplatin treatment. Animals showed neutropenia and myelosuppression typical of platinum toxicity in patients. In a general way, the current study did not reveal any toxicity of the single treatments with olaparib or AsiDNA. The cyclic treatment with olaparib was well-supported by the animals without inducing neutropenia as often observed in patients receiving a daily treatment with olaparib. This tolerance of olaparib could be attributed to the administration protocol that allows a 1-week recovery period without olaparib between weeks of daily treatments. We did not observe a significant increase in bone marrow toxicity when olaparib was combined with chemotherapy. This result is in contradiction with frequent reports of increased bone marrow toxicity during clinical trials where olaparib is associated with carboplatin compared to carboplatin alone ([@B9]). Alternatively, all animals receiving olaparib and carboplatin developed acute hepatitis, limiting dose escalation. Though less frequent than neutropenia, liver toxicity was reported in some patients treated with carboplatin ([@B28]). In contrast to olaparib, AsiDNA did not increase the toxicity of carboplatin. There was no toxicity in the liver and the neutropenia induced by carboplatin seemed to be moderately reduced with combined treatment. In previous work, we have shown that blood cells ([@B29]) as well as normal breast cells ([@B12]) are not sensitive to AsiDNA in single treatment or combined with DNA damaging treatments. Clinical trials have confirmed that AsiDNA is not toxic for healthy tissues ([@B11]). The lack of toxicity could be related to the unique distribution of AsiDNA that enter tumor cells preferentially through its cholesterol moiety ([@B29]) as metabolism of the cholesterol is increased and LDL receptor is overexpressed in most tumors. Olaparib uptake uses the general route of endocytosis and therefore does not appear to show cell specificity. Another possible explanation for the difference in toxicity of the two inhibitors with platinum lies in their different mechanisms of action. In contrast to olaparib ([@B13]), AsiDNA does not affect the cell cycle in normal cells and does not increase the number of damage induced. Though the mechanism responsible for the specificity of AsiDNA in tumors is not fully understood, we have observed that its activity correlates with genetic instability, micronuclei formation, and deregulation of cell cycle control often observed in tumor cells. Normal cells could escape to deleterious effect of the inhibition of DNA repair by AsiDNA by blocking division without activating death programs up to disappearance of AsiDNA and restart of DNA repair. The bulky DNA adducts generated by platin are mainly repaired by the NER pathway. There is no clear evidence that olaparib or AsiDNA interferes with NER. However, if NER fails, DNA adducts are converted to DSBs and then can be repaired by the DSBS repair pathways (HR, NHEJ, and MHEJ). Moreover, carboplatin also induces interstrand crosslinks (5% of the total DNA lesions) that are highly cytotoxic and mainly repaired by HR ([@B30]). NHEJ seems to play a major role in generating the genomic instability and cytotoxicity in HR-deficient cells treated with PARP inhibitors ([@B31]). In HR-proficient cells treated with carboplatin, NHEJ is the main repair pathway involved, and in olaparib-treated healthy tissues, it could induce genomic instability and eventual lethality through its error-prone activity. The fact that AsiDNA has broad inhibitory activity acting on both HR and NHEJ could prevent such deleterious repair to occur in healthy tissues.

This study demonstrates that platinum-resistant tumors derived from the MDA-MB-231 cell line are sensitive to the DNA repair inhibitors, olaparib and AsiDNA. This result suggests that olaparib or AsiDNA treatments could be proposed as monotherapies for patients resistant to carboplatin or who do not tolerate the adverse effects of platinum. Addition of carboplatin to these DNA repair inhibitors has a moderate effect on survival with a better gain for AsiDNA (37%) compared to olaparib (14%). However, resistance to platinum is a process that might appear during treatment and would be difficult to anticipate. Using carboplatin combination with the repair inhibitors before the appearance of resistance could improve efficacy and delay the onset of resistance. Combination of carboplatin with AsiDNA is a promising therapy as it seems to have low toxicity as compared to platinum combination with olaparib. Moreover, it seems to delay the onset of resistance. Actually, whereas olaparib and carboplatin long-term treatments have a high risk of favoring growth of resistant clones in tumor, AsiDNA monotherapy, thanks to its original mechanism of action, seems to be less prone to such events ([@B32]). The combination of AsiDNA with carboplatin prevents the emergence of resistant cells in the chemosensitive BC227 cell line. The analysis of carboplatin-resistant clones shows that these cells have a high sensitivity to AsiDNA that could impair a selective growth of resistant clones when both drugs are used in combination.

Whereas, the toxicity of the carboplatin combination with olaparib does not favor such a protocol, the absence of toxicity of AsiDNA (if confirmed in clinic) and its efficacy on platinum-resistant cells would argue in favor of using a combination with carboplatin in a clinical setting.
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